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Intracerebral hemorrhage (ICH) accounts for only 10 to 15% of all strokes but remains a significant cause of morbidity and mortality. Despite lengthy stays in critical care units, only one-half of those experiencing an ICH survive after 30 days, and those who do are often left with considerable disability. Treatment has traditionally focused on minimizing the hemorrhage expansion and reducing clot volume through both medical and surgical means. Management of ICH is a complex and multidisciplinary process. This review will discuss a few common etiologies, explore the pathophysiology of secondary neuronal injury after ICH, review the basics of ICH imaging with computed tomography and magnetic resonance imaging, and highlight latest practices in medical and surgical management. Secondary injury mechanisms such as perihematomal edema and disordered cerebral autoregulation are discussed as potential targets for new treatment modalities. Emergent treatment in the "golden hour" after ictus provides a template of measures to adopt from initial contact with emergency medical services, to the emergency department, and thereafter, triage to the intensive care unit. Medical management including blood pressure control, hemostasis, and coagulopathy reversal are discussed and evidence from trials such as INTERACT 2, ATACH 2, and ANNEXA-4 are given a clinical context. Surgical management including intracranial pressure monitoring, surgical evacuation with open craniotomy, and minimally invasive approaches such as stereotactic-guided aspiration and thrombolysis, ultrasound-induced thrombolysis, image-guided stereotactic endoscopic aspiration, and stereotactic ICH underwater blood aspiration are enumerated. The outcomes and relevance of STICH, MISTIE, and CLEAR trials to present surgical care are elaborated. The review summarizes the current guidelines for the treatment of ICH and the latest literature in the field they are based upon. It aims to provide a concise article beneficial to the emergency physicians and neurointensivists/neuroanesthesiologists.
Introduction
Although intracerebral hemorrhage (ICH) accounts for only 10 to 15% of all strokes, it remains a significant cause of morbidity and mortality, with severe long-term disability. 1 The prevalence of ICH is increasing, particularly in developing countries, exacerbated by increases in hypertension (HTN), anticoagulant use, and amyloid angiopathy in aging populations. [2] [3] [4] [5] [6] [7] Despite lengthy stays in critical care units, only one-half of those experiencing an ICH survive after 30 days, and those who do are often left with considerable disability. 6 Treatment of ICH has traditionally focused on minimizing hemorrhage expansion and reducing clot volume through both medical and surgical means. 8 Despite being the second-most common stroke subtype, it remains the last form of stroke without a specific therapy. 3 This article aims to introduce the most common types of ICH, describe the pathophysiology of secondary neurological injury after bleeding, and briefly discuss the emergency and intensive care management of the ICH patient, with special emphasis on evidence-based medical management and surgical techniques for the primary treatment of the ICH. While the topic of ICH is vast, this review aims to acquaint the emergency physicians and neurointensivists/neuroanesthesiologists to the latest evidence and guidelines for the management of ICH. This article is by no means comprehensive in its coverage, with the authors' aim for it to be a succinct review only.
Etiology of Intracerebral Hemorrhage
Primary ICH is defined as an ICH in the absence of a clear underlying lesion. ICH occurs after rupture of an intraparenchymal vessel in the brain, the mechanisms for which can be disparate. The etiology of ICH must be determined by exclusion of secondary causes by a thorough investigation. We briefly examine three common etiologies encountered in clinical practice.
Hypertensive vasculopathy: Hypertensive bleeding comprises over 80% of ICH etiologies. 9 HTN is the strongest risk factor for ICH. Using pooled data from 22 separate countries including India, HTN has been reported to account for 74% of the population susceptible to risk, and considered as the primary cause. 10 Chronic HTN causes lipohyalinosis of small intraparenchymal arterioles and leads to the development of Charcot-Bouchard microaneurysms. Development of these aneurysms is thought to promote hypertensive ICH. These hemorrhages classically involve the rupture of small lipohyalinized vessels within the basal ganglia, thalamus, cerebellum, and pons. 11, 12 Though the anatomical location of Charcot-Bouchard aneurysms supports their role in the development of ICH, their causal relationship remains uncertain.
Cerebral amyloid angiopathy: Cerebral amyloid angiopathy (CAA) is the result of β-amyloid deposition in the walls of the cerebral vessels, especially the medium and small arteries in the cortex and leptomeninges. 13 Because the preferentially affected vessels tend to be superficial, ICH due to CAA is predominantly lobar. CAA should be suspected in elderly patients with recurrent or simultaneous lobar ICH. 14 It is also frequently associated with Alzheimer's dementia, in whom 83% will have evidence of CAA on autopsy, the severity of CAA correlating with the likelihood of ICH. 15 Antithrombotic-related ICH: Bleeding disorders due to primary abnormalities of anticoagulation are rare causes of ICH, but antithrombotic-related cases account for up to 14% of ICH. 16 Treatment with oral anticoagulants increases the risk of ICH by 7-to 11-fold compared to otherwise similar individuals not receiving anticoagulation. 16 Similarly, treatment of acute ischemic stroke with recombinant tissue plasminogen activator (rt-PA) increases the risk by 10-fold in comparison to placebo. 17 Because people on anticoagulation are also more likely to be elderly, angiopathies such as CAA may also play a causal role. 18 (►Table 1)
Pathophysiology of Secondary Neurological Injury
Independent of the primary cause of ICH, secondary injury from the presence of parenchymal blood mediates further neurological injury. Perihematomal edema and disordered cerebral autoregulation resulting in delayed ischemia are two areas of ICH pathophysiology that lend themselves to further study, importantly as possible targets to prevent secondary injury. 7 Perihematomal edema: Perihematomal edema (PHE) is the formation of edema around the original hematoma, and serves as a radiological manifestation of secondary injury. The edema itself forms as a multipart process evolving from the time of initial hemorrhage. Early PHE starts as hematoma retraction and hematomal hydrostatic pressure changes, forcing serum into the perihematomal space. Late PHE develops from thrombin formation, hemolysis of red blood cells, and hemoglobin toxicity. This leads to complement activation, plasma protein leakage, and blood-brain barrier disruption. 19, 20 PHE is clinically significant, contributing not only to increased mass effect, but also to progressive tissue injury and poorer neurological outcomes after ICH. 21 Earlier studies on PHE and outcomes were limited due to differences in outcome measures, imaging time points, and PHE assessment parameters. 22 From more recent studies, both baseline PHE and rate of PHE expansion have significant impact on neurological morbidity. A pooled analysis of the INTERACT 1 and 2 trials assessed PHE as the interval increase in absolute 
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Septic embolism mycotic aneurysm volume during 24 hours and reported a significant association with poor outcomes. 23 Similarly, a retrospective single-center study of 139 patients found that PHE expansion rate between admission and 24 hours was a significant predictor of poor functional outcome and 90-day mortality. 24, 25 More recently, the time interval for PHE assessment has been extended. The larger VISTA study of 596 patients with ICH assessed the effect of PHE volume expansion in the first 72 hours on functional outcome, with a subgroup analysis based on ICH location. The 72-hour PHE expansion was associated with significantly greater odds of poor neurological outcome, particularly in basal ganglia hematomas. 21 The 2017 Helsinki ICH study also confirmed that patients with faster PHE growth at 72 hours had increased midline shift as well as higher rates of herniation and 6-month mortality. 26 Magnetic resonance imaging (MRI) is the preferred modality for assessing PHE, as delineation of PHE border zones on computed tomography (CT) can be particularly difficult in patients with periventricular leukoaraiosis. The time course of PHE is variable-edema may form as early as a few hours, evolve over 1 to 2 weeks, and persist as long as a month. 27 A small prospective study measuring PHE by MRI found PHE to have its fastest growth within the first 48 hours after hemorrhage, and reaching its maximum volume in an average of 12 days after the onset. Factors in delayed PHE include hyperglycemia, coagulation factors, and hematoma volume. 22 Hematoma volume is thought to be a particular risk factor for delayed PHE as brain parenchyma is exposed to a higher burden of erythrocyte degradation products over time. 28 Due to its impact on secondary injury, PHE is a target for therapeutic intervention in ICH. Studies on PHE evolution suggest interventions targeting PHE should be initiated early and maintained over the first 3 to 7 days as possible. 26, 28 Disordered cerebral autoregulation and secondary ischemia in ICH: Disordered cerebral autoregulation (CA) and secondary ischemia in ICH too is an important cause for further secondary injury. 29 Remote ischemic lesions are found in approximately 25% of patients 30 days after ICH. 30 The lesions are typically multiple, small, and subcortical. These likely arise from a combination of hematoma volume causing both local and global raised intracranial pressure (ICP), cerebral cytotoxic injury leading to inflammation and a thrombotic milieu, and poor CA. ICH is often associated with a rise in ICP due to hematoma mass effect; this increase in global or compartmental ICP may reduce cerebral perfusion pressure (CPP). CA is a protective feedback mechanism to provide relatively constant blood flow to the brain as a response to changing CPP. This regulatory mechanism can be impaired in ICH. As blood pressure (BP) control is currently one of the pillars of post-ICH stabilization and care, an understanding of the patient's CA is crucial to ensure adequate cerebral blood flow. Aggressive lowering of BP may lead to hypoperfusion and ischemia, while higher BPs may lead to hyperemia and delayed hematoma expansion. An increasing number of studies are now correlating impaired CA with worsened clinical outcomes. [31] [32] [33] Autoregulation-oriented therapy is an emerging concept that uses transcranial Doppler ultrasound at the bedside to assess an individual patient's autoregulatory status and adjust BP and CPP goals accordingly. Outcomes based on this approach are yet to be determined. 31, 32 
Clinical Management of Intracerebral Hemorrhage
Management of ICH is a complex and multidisciplinary process that begins with patient contact either on the field or in the emergency room. For completeness of the review, we will touch upon most medical and surgical aspects of management as a key for the practicing intensivist to refer to original trials and research in the field.
As a true neurological emergency, ICH patients are best managed in a dedicated neurocritical care or stroke unit for at least the first 24 to 48 hours as this has been shown to reduce the likelihood of mortality, 34 and a Swedish cohort showed that these units were associated with better longterm survival. 35 This acute period is usually associated with rapid deterioration because of hematoma expansion, intraventricular extension, and uncontrolled HTN.
Imaging in Acute Intracerebral Hemorrhage
The first step in the workup of an acute onset focal neurological deficit suggestive of a stroke is to obtain a non-contrast-enhanced head CT to differentiate between ischemic and hemorrhagic strokes. 36 The American Heart Association guidelines recommend an initial CT scan as the gold standard or an MRI of the brain as mandatory in the workup of ICH. 37 Serial head imaging by CT or MRI can evaluate for interval expansion or evolving mass effect, both of which may prompt changes in patient's management. The bulk of hematoma expansion takes place during the first 3 hours after symptom onset and hence earlier imaging usually predicts hematoma expansion, 38 which is usually associated with a neurological decline, with stability of hematoma occurring at about 24 hours. 39 Initial size of hematoma, intraventricular extension of the hemorrhage, and expansion of hematoma are all associated with a worse prognosis. The ICH score includes five components-the Glasgow Coma Scale (GCS) score, age, volume of ICH, presence of intraventricular hemorrhage (IVH), and infratentorial origin of bleed. These variables are all well-validated strong risk factors for 30-day mortality, and the ICH score has come to be widely used in current clinical practice. 40 Perhaps equally valuable, but less widespread, is the FUNC score that prognosticates the likelihood of functional independence at 90 days based on similar characteristics at presentation. 41 Recommendations for timing of imaging varies from patient to patient, but should at least occur within 3 hours of onset, at the time of a neurological decline, and at 24-hour follow-up. 42 
(►Fig. 1)
When the clinical presentation is suspicious for a nonhypertensive etiology, such as in patients under 50 years of age, CT angiography can be used to predict a patient's risk of harboring an underlying vascular etiology with the aid of the Secondary Intracerebral Hemorrhage (SICH) score. The SICH score is calculated by assigning points based on a patient's imaging findings, age group, sex, and presence of HTN or impaired coagulation, with a range of 0 to 6. The highest incidences of vascular lesions are observed in patients with SICH scores of 3 (18.5%) and up to 6 (100%). 43 Spot sign: Active bleeding into the hematoma causes contrast extravasation within the hematoma. This produces a hyperdense spot called the spot sign, which can be seen on both CT angiography and contrast-enhanced CT. Presence of the spot sign indicates a high likelihood of early hematoma expansion, occurring in over 75% of these patients. 44 Characteristics of the spot sign can be used as further independent predictors, including presence of multiple spot signs, maximal diameter, and maximal attenuation. 45, 46 Blend Sign I & II: When CT performed within 24 hours of onset shows that the hematoma is made of two differing densities, and the boundary between them is blurred, this is called the Blend Sign II. The difference in CT value of the two densities must be at least 10 Hounsfield units. This finding is associated with a mortality rate that is 7 times higher, and a rebleeding rate that is 10 times higher, than those without the sign. 47 When the boundary between the two hematomas can be clearly distinguished, it is called the Blend Sign I; the rebleed rates, prognosis, and mortality rates were not statistically different than those of controls. 47 Fluid level on head CT: A CT fluid-blood level is a region within an ICH with an upper compartment that is hypodense to the brain, a lower compartment that is hyperdense to the brain, and a sharply defined horizontal interface between these compartments. This is a relatively rare finding that is only 59% sensitive but 98% specific for the presence of coagulopathy, and should prompt a thorough investigation. 48 (►Fig. 2)
Principles of Medical Management Intracerebral Hemorrhage
Management of ICH begins at the first contact with emergency services and continues to the emergency department and thence to the intensive care unit. The "Golden Hour" after ictus dictates a parallel, multipronged approach to stabilization and treatment of the patient.
Specific ICH-related medical management involves: (1) treatment of HTN, (2) treatment of coagulopathy, (3) minimizing rise in ICP, (4) prevention of complications, and (5) post-ICH long-term therapeutic decisions (►Table 2).
Blood Pressure Control: Uncontrolled, high BP is associated with hematoma expansion, neurological deterioration, and poor outcomes in the form of increased mortality and dependency. 49, 50 The INTERACT-2 study was the first major and largest international randomized controlled trial (RCT) to examine HTN and ICH occurring in the prior 6 hours, by assigning patients to an intensive BP reduction to < 140 mm Hg or routine BP treatment to < 180 mm Hg. 51 Intensive treatment of BP failed to result in reduction of hematoma volume or improvement in outcomes, rates of death, and disability. Criticisms of the trial included the approximate 10-hour delay from ictus to treatment, a critical time period when most hematomas increase in size. The more recent ATACH 2 trial enrolled patients with ICH volume < 60 mL within 4.5 hours of onset and randomized them to either intensive BP lowering (110-139 mm Hg) or standard BP lowering (140-179 mm Hg), with the trial failing to show a difference in death or disability at 3 months. 52 The trial did show a nonsignificant trend toward decreased hematoma volume expansion in the intensive treatment group. It is also useful to note that the duration of intensive treatment in ATACH 2 was only 24 hours, while the INTER-ACT 2 study treated BPs for 7 days. ATACH 2 also seemed to have higher incidence of adverse renal events with intensive BP treatment. Our take-away message from these trials mirrors the guidelines 1,37,53 and it may be reasonable to target a BP between 140 mm Hg and 180 mm Hg early after ICH and use patient-specific criteria such as the presence of chronic HTN to further determine the exact level.
Hemostasis: Achieving hemostasis in patients on antiplatelet and anticoagulant medications is a growing challenge in the field. Using procoagulants to stop hematoma growth has been tried with varying degrees of success. The FAST trial using recombinant activated factor VIIa failed to show any clinical benefit and has largely been abandoned. 54 Tranexamic acid (TXA) is another agent that promotes hemostasis by blocking plasmin binding to fibrin and preventing the breakdown of the clot. The CRASH-2 trial in trauma patients showed a reduction in mortality 55 with TXA, while the CRASH-3 trial (NCT01402882) with a focus on traumatic brain injury is still ongoing. The recently concluded TICH-2 trial administered TXA in the acute period as a bolus and infusion compared to placebo. There was no difference in the functional status between the groups despite reduction in early deaths and serious adverse events. 56 Multiple other trials including TRAIGE (NCT02625948) and TRANSACT (NCT03044184) are currently evaluating TXA in spontaneous ICH. Unless there is an unplanned delay in definitive surgical management, TXA is not widely used in ICH management, but remains an option in such situations.
Coagulopathy reversal: Anticoagulant-related ICH is becoming an ever more frequent problem, especially in the developed world, with ICH being the cause of 58% of bleeding-associated deaths in anticoagulated people, 57 and with a higher mortality than ICH in patients without antiplatelet or anticoagulant use. 58 Hematoma growth also occurs frequently and possibly over a more prolonged period in anticoagulated patients. We will specifically consider therapeutic measures in the setting of ICH with vitamin K antagonists (VKAs) and direct oral anticoagulants (DOACs).
VKAs such as warfarin inhibits the synthesis of vitamin K-dependent coagulation factors II, VII, IX, and X, and proteins C and S in the liver. Stopping the agent is the first step, while replenishing deficient factors is of paramount importance. Intravenous vitamin K is usually administered in the acute presentation, but usually takes 2 to 4 days for effects due to a lag in hepatic synthesis and is not useful for immediate reversal. Fresh frozen plasma (FFP) is still used in various parts of the globe for immediate reversal, but is increasingly less in favor because of the risk of infection (human immunodeficiency virus, hepatitis B/C), allergic/transfusion reactions, volume overload, delay in administration because of need to thaw, need for blood typing, cross-matching, and inadequate correction of international normalized ratio. Prothrombin complex concentrates (PCCs), a heterogeneous assortment of plasma-derived vitamin K-dependent clotting factors, are more frequently used because they are readily available without the need for compatibility testing, can be infused over a very short duration in a low volume, and have an almost immediate onset of action. The INCH trial showed that PCCs reduced early hematoma growth and early mortality attributable to hematoma growth when compared to FFP. 59 Currently, nonactivated 4-factor PCCs (KCentra) and activated PCCs (FEIBA) are preferred over 3-factor PCCs in routine reversal of anticoagulation. DOACs include direct thrombin inhibitors, such as dabigatran, and factor Xa inhibitors (FXa-Is), such as apixaban, rivaroxaban, and edoxaban, and are becoming extremely popular because of their reliable effects and lack of need for hematological monitoring. Idarucizumab, a monoclonal antibody specific to dabigatran, has recently become available and was shown to be rapid, durable, and safe in reversal of anticoagulant activity of dabigatran, 60 while hemodialysis can also be used. Andexanet alfa is a new, modified, recombinant, inactive form of FXa with no procoagulant effects, designed to specifically bind and sequester FXa-inhibitor molecules and has been approved for FXa-I reversal. 61 The dose needs adjustment based on the agent used and the time since the last dose. With the results of the ANNEXA-4 trial, 61 andexanet has been approved, but costs in the United States still remain prohibitively high. Another reversal agent ciraparantag supposedly binds all DOACs and has thus far been tested in healthy subjects. 62 
(►Tables 3 and 4)
There has been a lack of clarity about effect of antiplatelets on hematoma expansion and outcomes. [63] [64] [65] [66] The PATCH trial found that patients with ICH who received platelet transfusions were actually likely to have poorer outcomes than those who did not. 67 As the guidelines suggest, one needs to be aware of the numerous risks of platelet transfusion and probably reserve transfusion for patients undergoing urgent neurosurgical intervention, 68 while more trials are needed to decide the safest option. Consideration for the half-life of the antiplatelet agent used and presence of active metabolites of the drugs may help decide the timing of administration of platelets, while single-donor platelets might be superior to pooled units. 68, 69 Desmopressin (DDAVP) has been shown to reduce bleeding time and normalize hemostasis in patients with uremic platelets undergoing surgery, 70 while uremic platelets exposed to aspirin have been shown to have improved function after DDAVP administration. 71 One study examined patients with ICH and reduced platelet activity on point-of-care testing and/or known aspirin use, administered DDAVP to them, and showed improved platelet function, increase in von Willebrand factor antigen, and reduced rate of hematoma growth. 72 This and other small case series allude to the value of DDAVP administration.
Venous thromboembolism (VTE) prophylaxis: ICH patients are at the risk for VTE, including deep vein thrombosis (DVT) and pulmonary embolism. The CLOTS 3 trial showed the benefit of intermittent pneumatic compression (IPC) in reducing the rate of proximal DVT. 73 The guidelines recommend the use of IPC devices in addition to elastic stockings for prevention of VTE, 74 while after documentation of cessation of bleeding, low-dose, low-molecular weight or unfractionated heparin may be considered for prevention in patients at high risk for VTE after 1 to 4 days from ICH onset. 74 There is a lack of consensus about the treatment of VTE in the setting of acute ICH and a risk-benefit approach might be most prudent.
Surgical Management of Intracerebral Hemorrhage
This usually proceeds in parallel with medical management. Unless the bleed is severe and there is rapid worsening, surgical options are best considered after initial medical stabilization. Though no surgical option has been shown to improve mortality and outcomes definitively, numerous trials have been conducted in an attempt to (1) reduce hematoma volume, (2) decrease ICP, (3) limit expansion of hematoma, and (4) counter secondary brain injury (by the toxic effect of blood products on the parenchyma) by evacuation. 1 As outlined in the section on the pathophysiology, removal of the hematoma in theory should mitigate the above effects.
ICP monitoring: This is usually the first surgical step in the management of ICH, a largely empiric approach adopted in patients with a GCS score of 8 or less and/or a rapidly deteriorating neurological exam. 75 The goal is to maintain CPP (50-70 mm Hg) and effective cerebrospinal fluid (CSF) diversion to maintain ICP. 76 Practical considerations against ICP monitoring are risk of infection and bleeding, while the true value of ICP monitoring might be appreciated in the setting of herniation, significant IVH, or hydrocephalus. 37 Surgical evacuation: The strongest evidence for definitive and emergent surgical management is for infratentorial hematomas as outlined by the 2015 American Heart Association Guidelines with Class I Recommendation; level of evidence B. 37 Cerebellar hematomas > 3 cm in diameter, evidence of brainstem compression/herniation, and hydrocephalus all warrant immediate surgical evacuation over just ventricular drainage. 77, 78 Surgical approaches to ICH can be broadly classified into (1) open craniotomy and (2) minimally invasive procedures.
Open craniotomy: This is relatively easier to perform and, on a global scale, demands less resources and infrastructure. The skill of the surgeon and the patient's condition are the primary determinants. A meta-analysis of 15 RCTs that compared standard surgical evacuation to conservative medical care alone pooled 2,059 subjects and found an odds ratio of 0.74 (p < 0.0001) in favor of standard craniotomy for ICH, 79 with the caveat that while craniotomy was usually offered to patients with rapid decline, none of the trials specifically considered this population. Both the landmark STICH I and STICH II trials explored the effectiveness of early surgical evacuation versus best medical management, with STICH II being conducted on more superficial lobar hemorrhages without ventricular extension, after subgroup analysis of STICH I had revealed a possible benefit of surgery in these patients. 80, 81 Neither study was able to show any benefit or improved outcomes from hematoma evacuation. It is useful to note that a good proportion of patients in the medical arm of STICH I had delayed surgery and still did not show benefit. Another metaanalysis of eight prospective RCTs of surgical treatment for spontaneous ICH showed improved outcomes if surgery was performed within 8 hours, hematoma volume was between 20 and 50 mL, GCS score of 9 to 12, or patient age was 50 to 69 years. 82 While many surgical groups have reported their experiences, no trials have evaluated the effectiveness of decompressive hemicraniectomy with or without hematoma evacuation. Currently, it is used as a life-saving measure in deteriorating patients (Class IIb recommendation; level of evidence C). 37 The ongoing SWITCH trial (NCT02258919) will hopefully shed more light on this procedure. Minimally invasive procedures: In the setting of the above evidence, attempts have been made to mitigate the injury that can be caused by open surgery and craniotomy with a myriad of innovative, minimally invasive approaches. Prominent techniques include stereotactic-guided aspiration and thrombolysis, ultrasound-induced thrombolysis, image-guided stereotactic endoscopic aspiration, and stereotactic ICH underwater blood aspiration technique (SCUBA).
One of the first studies examined patients with ICH by randomizing them between medical management and minimally invasive, CT-guided craniopuncture therapy that involved aspiration of the hematoma, followed by injection of urokinase under pressure. 83 The authors were able to show significant improvement in the clinical outcomes with a lower proportion of craniopuncture group being dependent at 90 days on the modified Rankin Scale (mRS). The Minimally Invasive Surgery plus rt-PA for ICH Evacuation (MISTIE II) trial, a prospective randomized phase II trial results suggested a decrease in PHE and a trend toward improvement in clinical outcomes when compared with standard medical care. Image-guided cannula placement in the hematoma with clot aspiration followed by intra-clot administration of either of two doses of alteplase for up to nine doses and gravity-dependent drainage after every dose was attempted. 84 Importantly, administration of the thrombolytic into the clot was found to be safe despite no improvement in the functional outcome at 180 days. Residual hematoma volume at the end of treatment seemed to correlate well with clinical outcomes. Based on this was the recently published MISTIE III trial, an open-labeled, blinded endpoint, phase 3 trial done across 78 centers that compared image-guided MISTIE treatment (1 mg alteplase every 8 hours for up to 9 doses) to standard medical care. Analysis performed on the modified intention-to-treat population revealed that there was no statistically significant difference between the groups of patients in achieving a good functional outcome, defined as patients who achieved an mRS score of 0 to 3 at 365 days. 85 Exploratory analyses of the association of clot removal and functional outcome showed that the extent of clot removal was correlated with better outcomes. An as-treated analysis suggested that patients in whom the surgical aim of reduction in size of clot ≤ 15 mL was achieved had a benefit in mortality and functional outcome. 85 While the MISTIE trials have established that the process is safe, MISTIE as an intervention can still not be recommended for all ICH patients. We agree that the positive secondary outcome findings have to be treated as exploratory for reasons that include a selection bias that excluded clinically unstable patients with a poorer prognosis, as well as a bias in that clot removal was not randomized. The trial does invite future studies to explore the biological plausibility that reduction in mass effect and tissue injury caused by the presence of parenchymal blood with a MISTIE-like procedure may be very beneficial. A recent meta-analysis of four RCTs found that stereotactic aspiration of primary ICH resulted in reduced odds of death and dependency compared with traditional open techniques. 86 Interestingly, there did not seem to be a significant difference in the risk of complications between the groups.
Basal ganglia and thalamic ICH result in IVH in about 50% of patients 87 which almost doubles the chance of poor outcomes. 88 Hydrocephalus is a frequent complication of IVH secondary to the block in CSF circulation. A meta-analysis has shown that IPH with IVH increases the risk of death from 20 to 51%. 89 The CLEAR IVH trial showed safety of rt-PA injection into ventricles in the setting of IVH. 90 The recent CLEAR III trial used thrombolytic therapy with catheter-assisted drainage to assess clot lysis in IVH and its impact on functional outcome at 180 days as compared to saline irrigation into ventricles. 91 There was dose-dependent better resolution of clot, but the trial failed to show significant improvement in outcomes, and though the treatment group had lower case fatality, higher proportion of patients were left with severe disability. Also, routine and prolonged use of external ventricular drains in these situations increased the risk of ventriculitis.
Another interesting technique is image-guided endoscopic surgery for hematoma evacuation. The Intraoperative Stereotactic Computed Tomography-Guided Endoscopic Surgery trial was the first to assess the safety of the endoscopic procedure and outcomes at 6 months and 1 year, demonstrating a higher effective volume of hematoma removal and better neurological outcome among treated patients, though it had a small sample size. 92 SCUBA is another neuroendoscopic technique that employs the Penumbra Apollo System (Penumbra Inc., Alameda, California, United States). An endoscopic sheath is inserted under stereotactic guidance into the hematoma cavity after which the Apollo system aspirates the clot. 93 Following this, the hematoma cavity is infused with normal saline for visualization of the cavity and better evacuation. A study using this technique has shown a healthy evacuation average with low pre-and postprocedural bleeding. 94 MiSPACE (minimally invasive subcortical parafascicular transsulcal access for clot evacuation) is a new technique that involves the transsulcal insertion of the BrainPath endoport (Nico Corp; Indianapolis, Indiana, United States) along a trajectory preplanned with MRI tractography, helping minimize the iatrogenic injury and improving the precision, 95 with a recent multicenter trial providing safety data for this technique. 96 A new trial-ENRICH (NCT02880878)is currently underway, further evaluating this modality. Ultrasound-guided thrombolysis where ultrasound energy is used to enhance clot lysis after rt-PA infusion is an option. A small study revealed better hematoma evacuation with sonothrombolysis when compared with catheter-based evacuation with rt-PA alone as attempted in the MISTIE and CLEAR trials. 97
Post-ICH Long-Term Therapeutic Decisions
A frequent vexing question is the optimal time to restart antiplatelet medications or anticoagulation after recent ICH. In the absence of robust studies, we will defer to the guidelines, and time to the start of antiplatelet medications in those with a high risk of atherothrombosis, and anticoagulation in those at high risk for cardioembolic strokes (like those with prosthetic valves, intracardiac thrombus, and dilated cardiomyopathy) 98 with a prudent, patient-specific risk-benefit strategy, and optimize overall medical management. Being on these agents definitely increases the risk of late hemorrhage expansion as well as rebleeding. More recent retrospective data will need to be collected, especially for the DOACs in comparison to older agents such as warfarin.
Conclusion
ICH continues to have high morbidity and mortality. While recent research has centered on ICH stabilization, future directions in ICH care are bound to involve prevention and treatment of secondary neurologic injury with a clearer focus on long-term patient outcomes. More robust trials are necessary to tease out nuances of new treatment methods, while personalized intervention and management strategies are likely the future of ICH care.
